Homodyne detection is the most e®ective detection scheme employed in quantum optics to characterize quantum states. It is based on mixing at a beam splitter the signal to be measured with a coherent state, called the \local oscillator," and on evaluating the di®erence of the photocurrents of two photodiodes measuring the outputs of the beam splitter. If the local oscillator is much more intense than the¯eld to be measured, the homodyne signal is proportional to the signal-¯eld quadratures. If the local oscillator is less intense, the photodiodes can be replaced with photon-number-resolving detectors, which have a smaller dynamics but can measure the light statistics. The resulting new homodyne-like detector acquires a hybrid nature, being it capable of yielding information on both the particle-like (statistics) and wave-like (phase) properties of light signals. The scheme has been tested in the measurement of the
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Introduction
The approach to the measurement of quantum states of light essentially follows two di®erent strategies, which address two complementary aspects of light: homodyne detection (HD) 1 and direct detection (DD). 2 With HD, the wave-like properties of the states are exploited and a full reconstruction of the state is achieved by applying tomographic reconstruction algorithms. 3 On the other side, with DD the particle-like characteristics of light are explored and the light is described through its photonnumber statistics. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] HD schemes are based on the interference of the signal to be measured with an intense coherent state, called the local oscillator (LO). The interference is obtained by mixing the two¯elds at a balanced beam splitter (BS). The two¯elds exiting the BS are detected by two pin photodiodes. The homodyne signal is given by the difference of the two pin photocurrents recorded as a function of the LO phase. To reconstruct the photon-number statistics, DD schemes employ either on/o® detectors, namely detectors that can only discriminate between the presence and the absence of light (such as avalanche photodetectors, photomultipliers and singlephoton nanowires), which measure single photons and are commonly used in the case of continuous-wave¯elds, or photon-number-resolving (PNR) detectors, which can discriminate the number of photons and are used for pulsed¯elds.
The homodyne-like detection scheme we analyze in this paper is based on the idea of substituting the pin photodiodes with PNR detectors in a homodyne detection scheme. [15] [16] [17] [18] [19] [20] [21] [22] Since the operation range of PNR detectors is limited to 50-60 detected photons, their application in HD is limited to the cases of rather weak LO, so that the new scheme cannot be completely equivalent to the standard one. We start our paper by reviewing the basic theory underlying our experiment. Then, we show the experimental results concerning coherent states and mixtures of coherent states, which exhibit exotic features. Finally, we close our analysis and draw some concluding remarks.
Theory
The standard homodyne scheme essentially consists of an interferometric scheme including a single balanced BS. The¯eld to be measured, let's call it the signal modê a, interferes at the BS with a reference¯eld, the LO modeb. The signal can be in any quantum state, while the LO is usually in a coherent state. If we callĉ andd the two BS outputs, they are linked to the input¯elds bŷ
The key point of homodyne schemes is the evaluation of the di®erence between the photocurrents, namelyÎ
If the LO is a¯xed coherent state je i i, we can de¯ne the rescaled di®erence photocurrent
wherex is the so-called quadrature operator, being the quadrature phase. It is worth noting that the second moment of the di®erence photocurrent reads
and that similar results can be obtained for higher-order moments of ÁÎ . 23 The standard result of HD, that is the measurement ofx , is therefore obtained in the limit 2 ) hâ †â i, i.e. when the LO is much more intense (macroscopic) than the input signal. However, in the presence of low-intensity LO, the di®erence photocurrent (3) does not correspond anymore to the measurement of the quadrature operator. We will refer to this case as the homodyne-like con¯guration. In the following we are going to consider the homodyne and the homodyne-like con¯gurations for di®erent signal states.
Coherent states
When the signal modeâ is in the coherent state ji, 2 R, and the LO is macroscopic, the homodyne distribution of the quadraturex reads as
i.e. it is a normal distribution with mean hxi ¼ ffiffi ffi 2 p cos and variance
To evaluate the analog of Eq. (5) in the case of a LO with generic intensity, we consider a signal mode in the coherent state ji mixed with a LO je i i. Each output of the BS is described by a Poisson distribution of the number of photons, whose mean value is
The distribution of the di®erence d of photon numbers can be evaluated as the convolution of the two Poisson distributions and is described by the Skellam distribution 24 Sðd; ; Þ ¼ e
Homodyne-like detection scheme based on photon-number-resolving detectors We note that when the LO is very intense, ) jj, it is easy to show that
Bracket states
The results obtained for a coherent state as the signal can be extended to the case of mixtures of coherent states, such as the so-called bracket states, made by the statistical mixture of two coherent states with opposite phases. 25, 26 The homodyne distribution for a bracket state can be written as
while the case of DD, which holds for a generic LO, can be written as:
Phase-averaged coherent states
If we now consider a continuous mixture of coherent states with phases uniformly distributed in ½0; 2, that is the so-called phase-averaged coherent state, 21 the homodyne distribution becomes
while the DD counterpart can be written as:
Experimental Setup
We tested the proposed homodyne-like detection scheme with the setup shown in Fig. 1 . Both the signal¯eld and the LO were obtained from the second-harmonic pulses (5-ps-pulse duration) emitted at 523 nm by a mode-locked Nd:YLF laser regeneratively ampli¯ed at 500 Hz. The two¯elds were sent to a Mach-Zehnder interferometer, in which the¯rst BS prepares the¯elds and the second one realizes the interference for the homodyne scheme. Two variable neutral density¯lters inserted in the two arms of the interferometer were used to change the balancing between the two¯elds. The spatial and temporal superpositions of signal and LO were optimized to get the optimal overlap between signal and LO. The phase between signal and LO was modi¯ed in steps by changing the length of one of the arms of the interferometer by means of a piezoelectric movement. We set 60 di®erent piezo positions and for each one we recorded 50000 laser shots. The data measured at each piezo position correspond to coherent states having the same amplitude but di®erent phases. Post-processing the data corresponding to a combination of phases allows the production of bracket states and phase-averaged coherent states, as explained below.
The light at the two outputs of the second BS was collected by two multi-modē bers (600-m-core diameter) and sent to two hybrid photodetectors (HPDs, mod. R10467U-40, Hamamatsu). The output of each detector was ampli¯ed (preampli¯er A250 plus ampli¯er A275, Amptek), synchronously integrated over a 500-ns window (SGI, SR250, Stanford) and digitized (AT-MIO-16E-1, National Instruments). The HPDs belong to the class of PNR detectors and have a partial photon-numberresolving capability, that is the peaks in pulse-height spectrum of the detector's outputs are not perfectly resolved. In spite of the non-perfect photon-number resolution of the detectors, we have demonstrated 8, 27 that a suitable analysis of the outputs enables the reconstruction of the photon statistics of trivial and non-trivial optical states. 28, 29 According to the analysis presented in Refs. 8 and 27, the detection process of HPDs can be modeled by two steps: photodetection by the photocathode and ampli¯cation. The¯rst process is described by a Bernoullian convolution, while the second one by the multiplication by a constant factor . The value of this factor can be obtained either through a self-consistent method directly based on the measured light or evaluating the distance between two consecutive valleys in the pulseheight spectrum of the detector output. Once the value of has been determined, the number of detected photons is obtained by dividing the output voltages (typically a few volts), previously subtracted of the mean value of the electronic noise, by the factor and then rebinning the results in unitary bins. The procedure establishes a correspondence between output voltages and detected photons at any single shot. Since HPDs have a linear response to the incident power up to 80 detected photons, the procedure directly gives the information about the mean values of the detected light without any need of separate calibration. From the direct measurement of the mean values, the relative phase can be estimated. 26, 30 In fact, the mean number of photons detected at each output of the interferometer follows the interference pattern as a function of the delay set by the piezo movement. The information on the phases is necessary both to evaluate the theoretical models to be superimposed to the experimental data and to build some of the states, like bracket states and phase-averaged coherent states.
The relative phase between the two arms of the interferometer can be retrieved by interpreting the mean values measured at the outputs as the result of an interference process, even if irregular. From the mean values, the experimental value of cosðÞ is directly extracted and the phase evaluated. In Fig. 2 , a typical result of a measurement is displayed. Once the values of phases are determined, bracket states are obtained by appending the dataset corresponding to a¯xed value of the phase together with the dataset corresponding to the same phase shifted by . In a similar way, phase-averaged coherent states are produced by combining in a unique¯le the data corresponding to all the phase values. We note that the phase-averaged state generated in the experiment is only an approximation of the ideal phase-averaged state since the number of independent phases is limited to 60. Nevertheless, the phase-averaged state we produced has a good quality because of the uniformity of the distribution of the composing phases. Typical reconstructions of the photonnumber statistics p m registered by the detectors are shown in Fig. 3 for coherent states (panel (a)), bracket states (panel (b)), and phase-averaged coherent states (panel (c)). The experimental values are displayed as dots, while the theoretical expectations as full lines. We notice that for almost all the cases, the theoretical distributions are well superimposed to the experimental data with a very high¯delity 
Results
From the shot-by-shot measurements of the¯elds at the BS outputs of the HD-like detector, it is possible to evaluate the experimental di®erence p d of detected-photon numbers as a function of the phase and of the amplitude of the LO. The experimental results can be compared with the theoretical expectations described in Sec. 2 to check the validity of the general model and of the standard homodyne intense LO approximation.
We illustrate the results for coherent states in Fig. 4 , for bracket states in Fig. 5 and for phase-averaged coherent states in Fig. 6 . All these¯gures contain the experimental data (dots + error bars), the theoretical expectations for a LO having generic intensity (full lines) and the theoretical expectations for standard HD (dashed lines). For each class of states (coherent, bracket and phase-averaged), two values of the ratio 2 =jj 2 , namely 2 =jj 2 $ 8 and 2 =jj 2 $ 1 are shown. By comparing the two panels of each¯gure, we note that when the signal and LO are balanced ( 2 =jj 2 $ 1) the data di®er from the standard probability distribution, whereas they are very well superimposed to the theoretical expectation for low-intensity LO. On the contrary, when 2 =jj 2 $ 8, the two probability distributions are well superimposed to each other and in perfect agreement with the experimental data. 
Conclusion
We presented the implementation of a homodyne-like detection scheme employing PNR detectors instead of pin photodiodes. The experimental results based on coherent states and mixtures of coherent states are well interpreted by the theory. Moreover, our¯ndings demonstrate that a homodyne-like detection scheme can be implemented using a LO with¯nite intensity. 31 Our scheme can give information both on the number of photons and on the wave-like properties of the states under investigation. In particular, it gives direct access to the photon-number statistics at the two output ports and this additional information can be exploited to characterize the detected state without, e.g., performing homodyne tomography. For instance, the evaluation of the photon-number correlations at the outputs gives information about the quantum nature of the state 32 without the full processing of the homodyne data. A crucial role in this respect is played by the linearity of the detection chain, which gives access to the relative phase between signal and LO.
In conclusion, we remark that the main idea of building a novel scheme based on PNR detectors is not just to mimic the conventional HD based on pin photodiodes, but to explore what kind of increased knowledge can be achieved by using PNR detectors combined with the interferometric scheme typical of HD. In fact, we expect that the combination of DD and HD will give a more complete insight into the properties of light and will open new perspectives for the applications of light in quantum information and communication protocols. 33, 34 The quality of our experimental data suggests the possible exploitation of the detection scheme for the development of protocols based on coherent states. In this light, it has been recently shown 34 that the use of this kind of detection can increase the mutual information between sender and receiver in continuous-variable quantum key distribution, thus opening the way to the development of new protocols.
